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Motivation: LSP simulations with kinetic ions and fluid electrons

show signitficant amounts of material advected with the shock

C. Bellei, P. Amendt, S. Wilks et al., APS2013
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Application: NIF indirect drive “exploding pusher”

Hydro regime Kinetic
(experiment) regime
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Mix from “beaming”: non-hydro, non-classical diffusion 3 /35



Mix scales strongly with Mach number

C. Bellei and P. Amendt, AA2015
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Multi-fluid equations are obtained after applying

Chapman-Enskog method to Fokker-Planck equation®

e Expand distribution function as

fo = f(gO) + Kn,, f(gl) + ... Kn,, <1

 (Coupling between different species is described
by a friction term

Nonal.
Fa,F: o _pab

Dqg

(Vg — Va)

* Multi-species simulations give surprisingly good results compared
with kinetic calculations™

*M. S. Benilov, Phys. Plasmas 4, 521 (1996)
**P.J. Rambo and R. J. Procassini, Phys. Plasmas 2, 3130 (1995) 5 /35



Single-fluid vs. multi-fluid equations

* |deally we would like to solve the FP equation for all species

Ofa
ot

0feo

a' Voo Fa " VaJa — |\ A,
U, - Vafa + Vuf <8t )C
* Introduce a Knudsen number Kngs = Aag/L

single-fluid Kn,s <<1 Va,p

Kn,, <<1

multi-fluid {
Knag — 0(1) Y # 5
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Multi-fluid equations for ions (Eulerian)

e Multi-fluid equations (ideal EOS, y=5/3)
IONS (a=1,2,...,n)

Otpa + 0z (patie) =0 electric field foce

‘/ friction force

at(pozua) aoc(pozu?x pa) =F, g+ F,F

0:(3/2pa + 1/2pau’) + 02(5/2patie + 1/2p0us) = uaF. g+ uoF. 7+ AEq AT

where

Fa,E — ZanaE
AEoanr =n1 (Vi12(To —Th) + vie(Te — T1)]

> . Far = 0 (momentum conservation)
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Equations for electrons

e Multi-fluid equations (ideal EOS, y=5/3)

ELECTRONS
Ne = Z ZaMa  (Quasi-neutrality)

Nelle + »  ZaNalia =0 (Z€ro net-current)

(9t(3/2pe + 1/2,06’&5) + 8x(5/2peue + 1/2,06’(1,2) — ueFe,E + Age,AT — ax(keaaf;Te) =+ Q/

E = —Vp./ene

where

Q/ + Za faypua =0 (for energy conservation)
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We observe ion bunch formation also in multi-fluid

simulations

= - LSP-kinetic What is new from AA 2015:

—  multi-fluid

N

 (Generalized code to any
number of ion species

e Spherical geometry

* |ncluded ion viscosity
IN momentum and
energy equations®

N
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*E. L. Vold et al., arXiv 2015 9 /35



A diffusion model does not predict the formation of an

lon bunch and under-predicts mix

Op + Ox(pu) =0

+ electrons

O (pu) + Oz (pu” +p) = Fi

0:(3/2p 4+ 1/2pu?) + 0,(5/2pu + 1/2pu’) = uFg + AEaT + Z h;J;

i=1,2
Oip1 + Oz (pru) = —0,J1 — l _
 (b) = tWO ions | |
where* . ** 10%° L == diffusion
k ? '
E
Jl :—pD VC—|—]€pva——E g 19
T =10
ey
Z h;J; interdiffusion of enthalpy %
18
1=1,2 0 10
* P. Amendt, et al., Phys. Rev. Lett. 109, 075002 (2012) |

G. Kagan, X. Tang, Phys. Plasmas 19, 082709 (2012) 10 1_|50 4 _|55 1.|60 1.65
Space [cm] |



Existence of ion bunch is challenged by/consistent with

experimental results

...challenged by... ...consistent with...
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J. R. Rygg et al., J. A. Baumgaertel et al.,
PRL 98, 215002 (2007) Phys. Plasmas 21, 052706 (2014)
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Simulations for Rygg et al. show potential formation of D

loNn bunch

Rygg et al., PRL 2007 multi-fluid
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Simulations for Rygg et al. show potential formation of D

loNn bunch

Rygg et al., PRL 2007 multi-fluid
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Simulations for Rygg et al. show potential formation of D

loNn bunch

Rygg et al., PRL 2007 multi-fluid
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Simulations for Rygg et al. show potential formation of D

loNn bunch

Rygg et al., PRL 2007 multi-fluid
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» reduced D3He fusion yield for 3He case
- compression yield peaks at later time for 3He case
» suppression of shock yield for SHe case
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Simulations for Baumgaertel et al. show significant mix of

Ti lons In hot spot before bang time, but after shock tlash
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Simulations for Baumgaertel et al. show significant mix of

Ti lons In hot spot before bang time, but after shock tlash
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- mass of Ti in hotspot > 1.3 ng v
- significant mix at the time of shock flash %
* mix region has spherical geometry 2 ¢ s



Simulations for Baumgaertel et al. show significant mix of

Ti lons In hot spot before bang time, but after shock tlash
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Conclusions and future work

 The mechanism of shock-induced mix is confirmed
using different simulation techniques (kinetic, multi-
fluid) and codes.

» Difficult to observe this effect tor high-Z ions

* There is the potential for an experimental
demonstration on OMEGA.
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